Arterial stiffening, hypertension and left ventricular (LV) remodelling are associated with increased risk of cardiovascular disease. Cardiorespiratory fitness is associated with cardiovascular function and reduced risk of cardiovascular disease. This cross-sectional study was carried out to determine the relationships between cardiorespiratory fitness, arterial stiffness, blood pressure (BP) and LV remodelling in women. On the basis of peak oxygen uptake, a total of 159 premenopausal (young) and postmenopausal (older) women were categorized into either low (unfit) or high (fit) cardiorespiratory fitness groups. The arterial stiffness and LV remodelling were measured by brachialankle pulse wave velocity (baPWV) and carotid augmentation index (AI) and LV relative wall thickness (RWT). Two-way analysis of variance indicated a significant interaction between age and cardiorespiratory fitness in baPWV, carotid AI, BP and RWT. In the older group, arterial stiffness (baPWV; 1401 ± 231 vs 1250 ± 125 cm s -1 , Po0.01, AI; 32.9±9.9 vs 24.8±10.1%, Po0.01), systolic blood pressure (SBP) (130 ± 22 vs 117 ± 15 mm Hg, Po0.01) and RWT (0.47 ± 0.08 vs 0.42±0.04, Po0.05) in fit women were lower than in unfit women. In older women, RWT was significantly related to baPWV (r ¼ 0.46, Po0.01), carotid AI (r ¼ 0.29, Po0.05), SBP (r ¼ 0.57, Po0.01) . V 2peak (r ¼ À0.32, Po0.05). In young women, they were not significant correlations, except for a weak correlation between RWT and SBP (r ¼ 0.21, Po0.05). These results suggest that higher cardiorespiratory fitness is associated with lower arterial stiffness, BP and RWT in older women.
Introduction
The cardiovascular system is affected by ageing. Arterial stiffness increases progressively with advancing age even in healthy men and women.
1 This arterial stiffening is associated with future hypertension 2 and death from cardiovascular disease. 3 Moreover, left ventricular (LV) relative wall thickness (RWT) (ratio of wall thickness to chamber radius) also increases with age (LV remodelling). 4 LV remodelling is often associated with LV systolic and diastolic dysfunctions 5 and all-cause mortality. 6 The risk of cardiovascular disease in women increases sharply after menopause, 7 which is associated in part with arterial stiffening, hypertension and LV remodelling. 8 Accordingly, the prevention and treatment of age-related arterial stiffening, hypertension and LV remodelling in women are of great clinical importance.
Cardiorespiratory fitness is strongly associated with risk of cardiovascular disease 9 and high blood pressure (BP). 10 Previous studies have indicated that age-related increases in arterial stiffness were attenuated in higher-fit adults. 11, 12 Moreover, arterial stiffness and BP were negatively associated with cardiorespiratory fitness. 13 When considering the pathophysiological implications of vascular stiffening, it is also important not to overlook changes in the heart to which the blood vessels are coupled. In accordance with the concept of 'vascular-ventricular coupling' in that morphological and functional changes in the left ventricle and vasculature are closely coupled, we hypothesized that higher cardiorespiratory fitness is associated with the smaller age-related increases in arterial stiffness and BP, and that smaller increases attenuate LV remodelling. Accordingly, the aim of the present cross-sectional study was to determine the relationships between cardiorespiratory fitness, arterial stiffness, BP and LV structure in both pre-and post-menopausal women.
Methods

Subjects
A total of 159 premenopausal (young) and postmenopausal women (older) participated in the study (Table 1 ). The young participants were recruited from the University and the older participants were recruited from the community around the National Institute of Health and Nutrition (NIHN). The young participants were mostly university undergraduate or graduate students and the older participants were mostly clients of the health checkup for postmenopausal women in the NIHN. The participants had various physical activity levels, and none were regularly engaged in weight training.
14 None of the participants smoked and they were not taking steroids or hormone replacement therapy. None of the young women were taking oral contraceptives. None of the participants were on medication for hypertension, hyperlipidaemia or diabetes. The purpose, procedures and risks of the study were explained to each participant before inclusion, and all participants gave their written informed consent before participating in the study, which was approved by the Human Research Committee of the National Institute of Health and Nutrition. The study was carried out in accordance with the Declaration of Helsinki.
To assess the effects of cardiorespiratory fitness on arterial stiffness, BP and LV structure, participants were categorized into either low (unfit) or high (fit) cardiorespiratory fitness groups on the basis of peak oxygen uptake ( . V 2peak ). The young and older women were divided into fit and unfit groups with median . V 2peak values of 33.9 and 29.5 ml kg -1 min -1
, respectively. This method is simple and straightforward. Moreover, these values are consistent with the reference values for the maximal oxygen uptake for health promotion by gender and age, as described by the Japanese Ministry of Health, Labor and Welfare to prevent lifestyle-related diseases. 15 Before testing, the participants abstained from caffeine and fasted for at least 4 h (a 12-h overnight fast was used for determination of metabolic risk factors, arterial stiffness, wave reflection, BP and LV structure). The fitness assessment was performed after the other tests.
Arterial stiffness and BP Pulse wave velocity (PWV) has been used as a noninvasive index of arterial stiffness and is reported to predict cardiovascular events. 16 Carotid-femoral PWV is widely used, although complicated techniques are required to obtain an accurate pulse wave. 17 Brachial-ankle pulse wave velocity (baPWV) has also been developed as a simple, non-invasive index of arterial stiffness and is reported to be correlated with carotid-femoral PWV. 18 Participants were studied under quiet resting conditions in the supine position. BaPWV and carotid augmentation index (AI), which are indexes of arterial stiffness and wave Fitness and cardiovascular ageing Y Gando et al reflection, and BP were measured using a semiautomated oscillometric device (form PWV/ABI; Colin Medical Technology, Komaki, Japan) according to the method previously described. 18 The device records PWV, BP, electrocardiogram (ECG) and heart sounds simultaneously. ECG electrodes were placed on both wrists, and a heart sound microphone was placed on the left sternal border. The cuffs to measure baPWV were wrapped around both upper arms and ankles, and connected to a plethysmographic sensor that determines the volume pulse form. Volume waveforms were stored for a sampling time of 10 s with automatic gain analysis and quality adjustment. The time delay from the ascending point of the brachial artery waveform to the ascending point of each tibial artery waveform (DTa) was determined by the foot-to-foot method. The path lengths from the suprasternal notch to the arm (DDa), from the suprasternal notch to the femur (DDb) and from the femur to the ankle (DDc) were calculated to be 0.2195 Â H À2.0734, 0.5643 Â H À18.381 and 0.2486 Â H þ 0.709, respectively, where H is the participant's height in centimetre. The baPWV was calculated using the following formula: (DDb þ DDcÀDDa)/DTa (cm s -1 ). The right baPWV in each participant was used for subsequent analyses. The coefficient of variation for inter-observer reproducibility of baPWV was 4% in our laboratory.
Carotid AI, which is an index of wave reflections, was calculated as the ratio of amplitude of the pressure wave above its systolic shoulder to the total pulse pressure (PP) of carotid artery, as previously described. 13, 19 Carotid AI has been an independent predictor of all-cause and cardiovascular mortality. 20 A multi-element tonometry sensor, consisting of 15 pressure-sensitive small elements aligned side by side, was coupled to the device. The carotid tonometry sensor is compact and lightweight and can be easily attached around the neck. The sensor element located manually at the centre of the carotid artery can be identified by screening the PP levels of the 15 elements, provided that the sensor element size is sufficiently small compared with the vessel diameter. The quality of the carotid pulse wave and the downward force were checked visually by carotid compression tonography, and pulse waves were recorded and stored over 30-s periods. The measured pressure waveform consists of both a 'forward' or 'incident' wave, and a 'reflected' wave that is returning from a peripheral site. The reflected wave is superimposed on the incident wave such that the pulse and systolic pressures are increased. This increase is defined as a pressure pulse AI, and it is calculated as the pressure wave above its systolic shoulder (DP) divided by PP. 19 The shoulder was defined as the first concavity on the upstroke of the wave that separates the initial systolic pressure rise from the late systolic peak. The carotid AI has been proposed as an indicator of the magnitude of wave reflections, which is closely linked to arterial stiffness. 19 In this study, carotid AI was used as a measure of the stiffness of the central arteries. As baseline levels of BP are subjected to hold-down force, the pressure signal obtained by tonometry was calibrated by equating the carotid MAP and diastolic blood pressure to the brachial artery value.
12,14 The coefficient of variation for inter-observer reproducibility of AI was 5% in our laboratory. Hypertension was defined as systolic blood pressure (SBP) X140 or diastolic blood pressure X90.
LV dimensions and mass
Immediately after measurement of arterial stiffness and BP, echocardiographical studies were carried out in each participant using an ultrasound machine equipped with a 2.5 MHz transducer (vivid i; GE Medical System, WI, USA). Ultrasound images were analysed using computerized image analysis software (Image J; National Institutes of Health, MD, USA). At least five measurements of M-mode images were taken at each segment, and the mean values were used for the analyses. The echocardiograms were obtained at rest with the participant in the left lateral decubitus position. Two-dimensional guided M-mode measurements of LV end-systolic dimension and LV end-diastolic dimension (LVEDD), interventricular septal thickness (IVS) and posterior wall thickness (PWT) were performed in accordance with the recommendations of the American Society of Echocardiography. 21 LV mass was calculated according to the regression equation of Devereux et al.:
3 þ 0.6. LV dimensions and mass were normalized for the body surface area. RWT was calculated as twice the ratio of posterior wall thickness to the LV end-diastolic diameter. 23 The coefficient of variation for inter-observer reproducibility of LV dimensions was 7% in our laboratory.
Cardiorespiratory fitness
Cardiorespiratory fitness, assessed with . V 2peak , was measured by an incremental cycle exercise test using a cycle ergometer (Monark, Varberg, Sweden). The incremental cycle exercise began at a work rate of 30 or 60 W (60 r.p.m.), and power output was increased by 15 W min -1 until the participants could not maintain the fixed pedalling frequency. The participants were encouraged during the ergometer test to exercise at the level of maximum intensity. The heart rate and rating of perceived exertion (RPE) were monitored minute by minute during exercise. Oxygen uptake (VO 2 ) was monitored during the last 30 s of each increase in work rate after the RPE reached 18. RPE was obtained using the modified Borg scale. 24 Participants breathed through a lowresistance two-way valve, and the expired air was collected in Douglas bags. Expired O 2 and CO 2 gas concentrations were measured by mass spectrometry (WSMR-1400; Westron, Chiba, Japan), and
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Blood samples Blood samples were taken after at least 10 h of overnight fasting to determine fasting glucose and insulin levels. In the same session, serum samples were withdrawn to determine fasting total cholesterol, high-density lipoprotein (HDL) cholesterol and triglyceride levels. Hypercholesterolaemia was defined as plasma total cholesterol X200 mg per 100 ml; diabetes was defined as fasting blood glucose X126 mg per 100 ml.
Body composition
Body composition was determined by dual-energy X-ray absorptiometry (Hologic QDR-4500; Hologic, Waltham, MA, USA) with participants in the supine position.
Statistical analyses
Statistical analyses were carried out with StatView (SAS Institute, Cary, NC, USA). Two-way analysis of variance (ANOVA) (age Â cardiorespiratory fitness) and analysis of covariance (ANCOVA) were used to compare continuous variables, and a w 2 -test was used for categorical variables. When a significant F-value was obtained, Scheffe's post hoc test was used to identify significant differences among mean values. When young and older women were compared within the same activity group, the data were analysed by one-way ANOVA. Relations of interest were initially identified by simple regression analysis. Independent relations among the dependent variables were determined by multiple regression analysis. All data are shown as means±s.d. Statistical significance was set a priori at Po0.05 for all comparisons.
Results
Plasma glucose, total cholesterol and triglyceride levels were higher (Po0.01) in older women compared with young women (Table 1) . HDL cholesterol was significantly higher (Po0.05) in fit women compared with their age-matched unfit peers. Although the percentages of hypertension and hypercholesterolaemia were higher (Po0.01) in older compared with young women, there were no significant differences between fit and unfit older women. None of the participants had diabetes. In both age groups, . V 2peak in the fit group was B11 ml -1 kg -1 min -1 higher than in the age-matched unfit peers. Figure 1 illustrates the arterial stiffness, wave reflection and BP (baPWV, carotid AI and SBP) in the unfit and fit groups. Two-way ANOVA indicated a significant interaction between age and cardiorespiratory fitness in determining baPWV, carotid AI and BP (Po0.01). In both fitness groups, baPWV, carotid AI and SBP were higher (Po0.01) in older women than in young women. In the young women, there were no significant differences in either baPWV, carotid AI or SBP between the fit and the unfit women. In older women, baPWV, carotid AI and SBP in the fit group were significantly lower (Po0.01) than in their unfit peers. When ANCOVA was carried out using body mass index and HDL cholesterol as covariates, the difference remained statistically significant (Po0.01). Carotid PP was significantly higher (Po0.01) in unfit older women compared with the other groups (Table 1) . Po0.01 vs unfit women in the same age group. baPWV, brachial-ankle pulse wave velocity.
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Left ventricular end-diastolic dimension was significantly greater (young; Po0.01, older; Po0.05) in the fit women compared with their age-matched unfit peers (Table 2) . In both fitness level groups, IVS and PWT were higher in older women compared with the young women. In the young group, although LV mass index was larger in the fit women, there was no significant difference in the older group. Figure 2 illustrates the effects of age and cardiorespiratory fitness on LV structure (RWT). Two-way ANOVA indicated a significant interaction between age and cardiorespiratory fitness in determining RWT (Po0.01). In both fitness groups, RWT was larger (Po0.01) in older than in young women. In the young women, there were no significant differences in RWT between the fit and unfit groups. In older women, RWT in the fit group was significantly thinner (Po0.01) than in their unfit peers. When ANCOVA was carried out using body mass index and HDL cholesterol as covariates, the difference remained statistically significant (Po0.05). However, the difference in RWT was abolished after adjusting for baPWV or SBP.
Left ventricular hypertrophy was considered present when the LV mass indexes were X110 g m -2 for women. 22 Increased RWT was present when this ratio was X0.45. 23 Normal geometry was present when LV mass index and RWT were normal, increased RWT and normal LV mass index identified concentric remodelling, increased LV mass index with normal RWT identified eccentric hypertrophy and increases of the two variables identified concentric hypertrophy. 25 In this study, older, fit women with LV concentric hypertrophy or remodelling (N ¼ 8/30) were significantly (Po0.05) fewer in number than was the case with unfit peers (N ¼ 17/30). Table 3 shows the arterial stiffness, BP and fitness parameters in individuals of different LV hypertrophy patterns. In the normal geometry group, baPWV, carotid AI and BP were higher (Po0.01) than in the concentric hypertrophy and remodelling group.
Univariate correlation analyses were carried out to determine which physiological variables were most closely associated with RWT. To eliminate the effect of age, the data were divided into young and older women. In older women, RWT was significantly related to SBP (r ¼ 0.57, Po0.01), MAP (r ¼ 0.58, Po0.01), DBP (r ¼ 0.46, Po0.01), carotid PP (r ¼ 0.57, Po0.01), baPWV (r ¼ 0.46, Po0.01), carotid AI (r ¼ 0.29, Po0.05) and . V 2peak (r ¼ À0.32, Po0.05). In young women, they were not significant correlations, except for weak correlation between RWT and SBP (r ¼ 0.21, Po0.05). RWT was not significantly related to body mass index and HDL cholesterol in both age groups. Figure 3 shows the relationships between RWT and selected correlates of interest in overall young and older women. In the overall study population, a multiple regression analysis showed that the association between RWT and baPWV was not significant after adjustment for age and SBP as covariates.
Discussion
Main findings
The main findings of this study were as follows. First, arterial stiffness and BP in fit older women were lower than in their unfit counterparts. Second, RWT in fit older women were also lower than in their unfit counterparts. Third, RWT was strongly related to BP and arterial stiffness in older women. Fourth, there were no such differences and relationships in young women. These results suggest that higher cardiorespiratory fitness attenuates arterial stiffening and LV concentric remodelling in older women.
Arterial stiffness
Previous studies have indicated that age-related arterial stiffening is attenuated in fitter adults, 11, 12 and that central arterial stiffness and BP are negatively associated with cardiorespiratory fitness. 13 We too found that older, fit women showed lower baPWV and AI when compared with older, unfit peers. Cardiorespiratory fitness is a major determinant of overall physiological functional capacity, and low levels of cardiorespiratory fitness have been identified as a risk factor for cardiovascular and all-cause mortality. 9 Thus, the present and previous findings suggest that arterial stiffness may be one factor responsible for the inverse relationship between premature mortality and cardiorespiratory fitness in those who are middle-aged and older.
In this study, older, fit women showed lower arterial stiffness. One possible reason for this finding is that BP does not increase as much with age in women who are very fit. Indeed, we found that the differences in baPWV and AI between groups were qualitatively similar to the differences in BP (Figure 1 ). Another possibility is that higher cardiorespiratory fitness minimizes age-related structural changes in the arterial wall. In this regard, the endurance-trained state has been shown to be associated with an elevated overall content of elastin and a reduced calcium content, 26 and reduced formation of advanced glycation end products and collagen cross-linking in the arterial wall. 27 A third possibility is that higher cardiorespiratory fitness may act to maintain endotheliumdependent vasodilation with age, as previously reported. 28 LV structure LV wall thickness increases with age not only in individuals with hypertension but also in normotensive adults. 4 Moreover, physiological hypertrophy ('the athlete's heart'), characterized by an increase in LV chamber size and mass, is observed in adults with a high level of cardiorespiratory fitness. 29 Given this, it is reasonable to hypothesize that both age and cardiorespiratory fitness are associated with increased LV wall thickness and mass. Gates et al. 30 reported that the highest mean values for these LV characteristics were observed in older endurance-trained men, suggesting an additive effect of ageing and exercise behaviour. In contrast to the previous findings, our results indicated that RWT in old, less fit women was significantly thicker than in fit peers. Moreover, older, fit women with LV concentric hypertrophy or remodelling (N ¼ 8/30) were fewer in number than was the case in less fit peers (N ¼ 17/30). Taken together, in contrast to the men's results, LV hypertrophy and remodelling are attenuated in older women with a high level of cardiorespiratory fitness. These sex-specific differences may be partly explained by concentrations of endogenous anabolic and sex hormones. 31 Long-term athletic training produces alterations in cardiac structure that result in an increase in calculated LV mass without concentricity. 29 Mortality and the frequency of cardiovascular events are highest in patients with concentric hypertrophy, 23 which is often a maladaptive response to provocative stimuli such as hypertension and arterial stiffness. In this study, fit young women had higher LV mass than their unfit counterparts, without LV concentricity; neither fit nor unfit young women had high levels of BP or arterial stiffness. Thus, we thought that although fit young women had a higher LV mass, this is not unfavourable hypertrophy induced by provocative stimuli.
What physiological mechanisms might explain attenuating LV concentric remodelling in fit older women? LV remodelling is commonly conceptualized as an adaptive response to increased cardiac afterload caused by vascular loading such as arterial stiffening and hypertension. The results of in vitro studies indicate that mechanical stretching is the primary stimulus responsible for induction of increased cardiac myocyte protein synthesis and hypertrophy. 32 We therefore hypothesized that removal of the excess mechanical stimulus applied to the LV is one of the mechanisms responsible for attenuation of remodelling. Indeed, in this study, when ANCOVA was carried out using baPWV and SBP as covariates, the difference in RWT was abolished. Moreover, arterial stiffness and BP were strongly and significantly related to RWT in older women but not in younger women, which is consistent with the previous report by Schillaci et al. 33 Thus, high cardiorespiratory fitness is associated with lower arterial stiffness, BP and LV relative wall thickness in older women. Other possible mechanisms may be that regular aerobic exercise modulates selective age-associated impairments in the autonomic nervous system 34 , suppression of myocardial collagen cross-linking 35 and attenuation of gene expression of atrial natriuretic peptides. 36 It is possible that the maintenance of higher cardiorespiratory fitness contributes to the attenuation of age-related LV remodelling by removal of the various factors that cause loading of the LV.
Clinical implications
Epidemiological studies have indicated that highly fit men and women have a lower incidence of 
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Although the mechanisms underlying this protective effect probably include favourable changes in traditional risk factors, 38 an additional possibility is that a high level of cardiorespiratory fitness is associated with attenuated LV remodelling through the control of increases in arterial stiffening, particularly in middle-aged and older adults. A recent study in hypertensive rats indicated that exercise training attenuated the development of heart failure and also increased survival and attenuated LV concentricity without a reduction in LV mass. 39 Similar to these findings, RWT in our fit older group was thinner than in the unfit group, without a reduction in the LV mass. These results suggest that exercise has a direct beneficial effect on LV concentric remodelling.
Antihypertensive treatment also reduces the LV mass and decreases the prevalence of LV hypertrophy and concentric remodelling. 40 However, unlike antihypertensive drugs, which are costly, have effects that are largely limited to BP control, and often have adverse effects, aerobic exercise training is a relatively safe and inexpensive form of therapy with favourable effects on a broad spectrum of cardiovascular disease antecedents and outcomes. Our findings suggest that, in addition to antihypertensive medications 40 and salt restriction, 41 the maintenance of higher cardiorespiratory fitness may also be effective in partial attenuation of LV remodelling in middle-aged and older women. Therefore, the improvement of cardiorespiratory fitness may be an important tool for the primary prevention of cardiovascular disease.
Limitations
This study has several limitations. First, as an initial approach to determine the relation between cardiorespiratory fitness, arterial stiffness, BP and LV remodelling, we used a cross-sectional study design. Owing to the design of this study, we could not evaluate individual changes in age-related arterial stiffness, BP and LV structure. Although fitter older women had both lower BP and lower PWV than their unfit counterparts, the cross-sectional design of the study does not allow us to clarify whether fitness favourably affects BP (and consequently stiffness) or stiffness (and consequently BP). As this type of study design has a number of well-recognized limitations, we attempted to isolate the influence of cardiorespiratory fitness as much as possible. To do so, both young and older women were carefully matched for differences in . V 2peak between the groups of fit and unfit individuals (11 ml -1 kg -1 min). In addition, to isolate the effect of cardiorespiratory fitness per se, individuals taking drugs for hypertension, diabetes or hyperlipidaemia were excluded from the study. However, the results of this cross-sectional study must be confirmed in future long-term prospective studies.
Second, the estimation of LV mass may not be accurate because M-mode echocardiography does not consider LV long-axis length. On the other hand, there are insubstantial differences in the LV internal diameter, wall thickness and calculated RWT, irrespective of the method used. Indeed, a previous study indicates that RWT increases with age, whereas LV mass does not change. 4 Consistent with the previous study, we observed an age-related increase in RWT. In contrast to that study, we observed age-related increases in the LV mass. Therefore, although the M-mode calculation is sufficient to assess RWT, the calculations of LV mass should be confirmed by the two-dimensional area-length method 42 and magnetic resonance imaging. 43 Third, we used baPWV as a measure of arterial stiffness. The value of baPWV includes stiffness derived from the combination of large arteries and peripheral arteries. Compared with central elastic arteries, peripheral arteries are generally considered to be of less clinical significance. However, baPWV is strongly related to aortic PWV 18 and may provide qualitatively similar information to central arterial stiffness. Nevertheless, the results of baPWV determinations need to be confirmed by aortic PWV in the future. What is known about the topic: K Arterial stiffness and blood pressure (BP) increase with age 1 and are negatively associated with cardiorespiratory fitness.
13
K Left ventricular relative wall thickness also increases with age. 4 K Whether or not there is a relationship between left ventricular (LV) remodelling and the lower arterial stiffness and BP in women with a high level of cardiorespiratory fitness is not clear.
What this study adds: K Higher cardiorespiratory fitness is associated with lower arterial stiffness and BP and attenuated LV concentric remodelling in older women.
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